We examine the charge density wave (CDW) properties of 1T -VSe2 crystals grown by chemical vapour transport (CVT) under varying conditions. Specifically, we find that by lowering the growth temperature (T g < 630 • C), there is a significant increase in both the CDW transition temperature and the residual resistance ratio (RRR) obtained from electrical transport measurements. Using xray photoelectron spectroscopy (XPS), we correlate the observed CDW properties with stoichiometry and the nature of defects. In addition, we have optimized a method to grow ultra-high purity 1T -VSe2 crystals with a CDW transition temperature, TCDW = (112.7 ± 0.8) K and maximum residual resistance ratio (RRR) ≈ 49, which is the highest reported thus far. This work highlights the sensitivity of the CDW in 1T -VSe2 to defects and overall stoichiometry, and the importance of controlling the crystal growth conditions of strongly-correlated transition metal dichalcogenides.
I. INTRODUCTION
The metallic transition metal dichalcogenides (TMDs) are well-known to exhibit interesting strongly correlated behaviour such as charge density waves (CDWs) [1, 2] and superconductivity. In 1T -VSe 2 , an incommensurate CDW develops at T CDW = 110 K with (4a x 4a x 3.18c) periodic lattice distortion, followed by a further change in the distorted c-axis to 3.25c below 85 K [3] . Signatures of these phase transitions have been noted in x-ray [3] and electron diffraction [4] , magnetic and transport studies [5] . The CDW is likely driven by Fermi surface nesting involving states along the flat portions of the electron pocket centred around the M -point at the edge of the Brillouin zone [6] , which possibly has a three-dimensional character [7] . The common polytype of VSe 2 has the trigonal (1T ) unit cell and belongs to the P3m1 spacegroup [4] . Fig. 1(a) and (b) shows the layered structure consisting of Se-V-Se planes in the a-b direction seperated by a van der Waals (vdW) gap, and octahedral metal coordination when viewed along the c-axis.
In addition to the ongoing efforts to understand CDW transitions in bulk TMDs, the recent surge in research of layered 2D materials has reignited interest in this area. So far, it has been shown that 1T -VSe 2 has a large range of tunability of its CDW properties with dimensionality, as the transition temperature and magnitude of the order parameter are strongly influenced by the sample thickness on a nanometre scale [8, 9] . Control of the distorted lattice periodicity is also possible by strain engineering, and an unconventional (4a x √ 3a) CDW has been observed by STM [19] . At the monolayer limit, there have been reports of possible ferromagnetism [10] [11] [12] , strongly enhanced CDW order evidenced by a fully-gapped Fermi surface [13] , and an increase of the transition temperature up to T CDW = 220 K [14] .
With increasing interest in studying monolayer or fewlayer charge density wave TMDs, the bottom-up approach of growth by molecular beam epitaxy (MBE) [13, 19] or chemical vapour deposition (CVD) [15, 16] techniques has become common. Once optimized, these methods are excellent at producing thin films. However, samples produced this way often suffer from a high number of crystal defects. In particular, the presence of grain boundaries due to coalescing nucleation sites is a common and well-documented problem in 2D materials grown by CVD, such as graphene [17] . Also, there is often an unavoidable interaction with the growth substrate such as doping [18] or strain [19] which can alter the sample properties. Instead, a top-down approach by exfoliation of high-quality crystals as the starting material is still considered the ideal way to obtain pristine monolayers and to provide the basis for construction of van der Waals heterostructures by dry transfer [20] .
At present, many researchers either grow their own crystals or obtain them commercially. In both cases, the specific growth conditions are often not reported. However, notably among the TMDs, 1T -VSe 2 can grow far from ideal stoichiometry in varying conditions [21] . Previous investigations on 1T -VSe 2 have suggested that the CDW transition temperature is maximum for samples prepared using the lowest growth temperatures (T g < arXiv:2001.08020v2 [cond-mat.str-el] 11 Feb 2020 2 600 • C) where the Se:V ratio is expected to approach 2:1 [22, 23] . Deviations from ideal stoichiometry due to increasing density of defects can occur at higher growth temperatures, but their nature in this compound remains unknown. Types of defects that are typically found in TMD crystals are labelled in Fig. 1(a) and (b) including vacancies and interstitials [24] . The influence of growth temperature on crystal purity and its relation to CDW properties has been reported in the related compound 1T -TiSe 2 . Increasing Ti interstitials in the vdW gap between the layers results in electron doping and reduces T CDW by upsetting the delicate balance of electrons to holes which has consequences within the excitonic insulator scenario [25] . In 1T -VSe 2 , where Fermi surface nesting is suggested to play a role, such a doping effect could have a significant impact on the CDW by altering the topology of the Fermi surface due to the change in chemical potential. Thus far, a detailed study of the growth conditions of 1T -VSe 2 in relation to its CDW properties and the role of defects is lacking.
Here, we show that changes in the growth temperature over the range (550 -700) • C have a significant impact on the physical purity, structure, and intrinsic stoichiometry which subsequently influences the CDW behaviour. Electronic transport measurements show that the CDW transition temperature increases markedly for crystals grown with T g < 630 • C. Using x-ray spectroscopy, we are able to identify defects in samples grown at higher temperatures, and correlate this with the observed electronic properties. In addition, we have optimized the conditions for growing ultra-pure 1T -VSe 2 at T g = 550 • C with a transition temperature of T CDW = (112.7 ± 0.8) K and a maximum residual resistance ratio (RRR) ≈ 49 which, to the best of our knowledge, surpasses the highest value reported previously of ∼28 [26, 27] .
II. EXPERIMENTAL METHODS

A. Crystal growth
1T -VSe 2 crystals were grown using a chemical vapour transport (CVT) method [28] , whereby a constant temperature gradient drives the crystallisation of the elements from a vapour at high temperature as illustrated in Fig. 1(d) . High purity vanadium (99.9%) and selenium (99.99%) powders were sealed inside an evacuated quartz ampoule, together with anhydrous iodine (99.998%) which acts as the transport agent. Under inert atmosphere (N 2 glovebox), stoichiometric amounts of the elements (2:1 molar ratio) were loaded plus a slight excess of selenium (2.4 -3.4 mg cm −3 ), based on the ampoule volume. The amount of iodine (2.10 -2.25 mg cm −3 ) was chosen to facilitate growth within a reasonable timeframe [29] , whilst also minimizing the potential for iodine to be introduced into the crystals which is known to suppress the CDW transition in other TMDs [25] . The ampoule was evacuated using a pump capable of achieving base pressure (7×10 −6 ) mbar and then sealed with a flame. A two-zone tube furnace was used with a temperature gradient between hot (reaction temperature, T r ) and cold (growth temperature, T g ) zones of ∆T = (55 -60) • C which was confirmed with a thermocouple probe. The temperature stability was better than ± 1 • C. Growth proceeded for up to 21 days, resulting in many crystals of (5 x 5 x 0.1 mm) forming at the cold end of the ampoule. The crystals were typically thin platelets with hexagonal edges and a highly reflective silver appearance as shown in Fig. 1 (c). With these general conditions, this procedure was carried out several times in order to produce separate sample batches with different growth temperatures, T g in the range (550 -700) • C.
B. Electronic transport
We measured the resistance as a function of temperature, R(T ) for different crystal batches. Samples were cut with a razor blade into rectangular shapes (typical lateral size 4 mm x 1 mm) and mounted on electrically insulating substrates using thermal varnish. Contacts were made to the as-grown crystal surfaces using silver paste in a standard 4-point configuration. Measurements were performed in a JANIS 4 K closed cycle cryocooler (4 -300 K) using a lock-in amplifier (SR830) and a typical excitation current of 1 mA.
Multiple crystals were measured from each batch to investigate any possible variations.
C. X-ray spectroscopy
We used both x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS) with synchrotron radiation to study core levels of selenium (Se), vanadium (V) and iodine (I) in 1T -VSe 2 . Measurements were performed at the BEAR end station (Elettra synchrotron, Trieste) [30, 31] . In order to expose a clean surface, the samples were cleaved in a nitrogen glove-bag attached to the fast entry of the preparation chamber.
We found that after prolonged exposure, we were able to induce radiation damage to the sample surface which resulted in noticeable changes in the spectra. Hence, for the results presented in the main text and the Supplemental Material (Ref. [32] ), we minimized both the exposure time and photon flux (e.g. ∼ 7×10 10 photons s −1 at hν =150 eV). Identical experimental conditions were maintained for each sample. As a result of these measures, we did not observe any evolution of the spectra during the measurements which could be related to damage and therefore the properties we report are intrinsic to the samples.
III. ELECTRONIC PROPERTIES
To investigate the bulk electronic properties of 1T -VSe 2 , we measured the resistance as a function of temperature, R(T ) for different crystal batches as shown in Fig. 2 (a). The shape of the curve agrees with previous studies of 1T -VSe 2 and shows an overall metallic behaviour with a slight increase in the resistance related to the CDW transition at T CDW ≈ (100 -110) K [5, 33, 34] . At low temperature, the resistivity approaches a finite value related to the amount of impurity scattering [33] . We do not see any indication of an upturn in the resistance of our samples at low temperature (4 K) in contrast to a previous study, which attributed this behaviour to a Kondo effect [35] .
The first derivative, dR/dT in Fig. 2 (b) highlights the CDW transition, T CDW which we define as the onset temperature where the resistance first starts to increase, and corresponds to the point at which dR/dT initially crosses zero [dashed horizontal line in Fig. 2(b) ]. Details of obtaining T CDW in this way are provided in Ref. [32] , and we emphasize that by using alternative points in dR/dT to define T CDW does not change the observed trend between samples or the conclusions of this work. Fig. 3 (a) shows the CDW transition temperatures extracted from dR/dT for different sample batches as a function of growth temperature. The overall trend shows that T CDW is increased at lower growth temperatures, reaching a maximum of T CDW = (112.7 ± 0.8) K for the 550 • C sample. We note that samples with T g < 630 • C show an increase in transition temperature above the typically reported value of T CDW = 110 K. Based on the trend of our samples produced at the lowest growth temperatures, it seems as if T CDW is approaching the inherent maximum for 1T -VSe 2 . It is also apparent in there is a broadening at higher growth temperatures. This is seen in both the onset of the transition (gradient of the steep decline near T CDW ) and width of the minima in dR/dT . Such a broadening is often linked to disorder, and the behaviour in our samples is similar to that observed in NbSe 2 using electron irradiation dosing to induce atomic defects without doping the system [37] . Additional information can be extracted from the magnitude of the dR/dT minima below zero (dashed horizontal line) which also follows a similar trend, as dR/dT of the sample with highest T CDW becomes the most negative following the CDW transition. We show in Ref. [32] that this corresponds to the magnitude of the resistance increase at T CDW relative to the normal metallic behaviour. Therefore our results are fully consistent with strengthened CDW order where one would expect a more effective gapping of the Fermi surface, as the proportion of charge carriers removed at T CDW is greater.
The residual resistance ratio (RRR) is a well-known parameter often used to estimate the purity of metals. At sufficiently low temperatures, the scattering of carriers is dominated by impurities or crystal defects, which gives rise to a finite (residual) resistance. The magnitude of this residual resistance is thus linked to the density of impurities and/or defects present in the sample. Using the ratio R 295K /R 4K , we are able to compare several samples as shown in Fig. 3(b) . Overall, we find that the average RRR within each batch increases for lower growth temperatures, indicating a reduction in impurity/defect scattering. For samples grown at the lowest temperature (550 • C), we find a maximum RRR of ∼ 49 within the batch. Similar to the behaviour of the CDW transition temperature, there is also a significant increase in the average RRR from ∼ 12 to > 22 for samples with T g < 630 • C. This is consistent with the width of the CDW transitions in dR/dT [ Fig. 2(b) ] for samples T g = (630 -700) • C, confirming a defect-induced broadening. By comparing our results to reports of RRR in the literature on 1T -VSe 2 over a range of growth temperatures, there is a clear agreement with this trend [ Fig. 3(b) ].
Finally, we discuss the scattering mechanism of charge carriers at low temperature by analyzing the temperature dependence of the resistance. Previously in 1T -VSe 2 , there have been reports of a strong T 2 dependence [5, 34] which could suggest a significant electron-electron scattering. By fitting the low temperature data in the range (5 -15) K with a power law, R ∝ T x we also find a T 2 dependence but only for the sample grown at the highest temperature (700 • C). By contrast, the sample grown at the lowest temperature (550 • C) shows a T 3 behaviour, and there appears to be a progressive shift between these two regimes for intermediate temperatures (see Ref. [32] ). In other CDW-bearing TMDs, a temperature dependence in the range T 3 -T 5 is found for T ≤ 25 K, depending on the compound, and is related to electron-phonon scattering [36] . The power then depends on the orbital character of bands involved in either an intraband or interband scattering, the density of states, and strength of the CDW order (proportion of carriers lost from the Fermi surface). For example, a T 3 dependence is found for the ideal resistivity in 2H -NbSe 2 and can be understood by a simple two-band model which describes an electron-phonon mediated interband scattering of s-like electrons into the d-band. Such a two-band analysis has also been used to successfully describe the temperature dependence of the Hall coefficient in 1T -VSe 2 [27] and the ideal resistivity was found to be in the range T 3 -T 4 for the highest purity samples.
We therefore suggest that a similar electron-phonon scattering mechanism is the case for pure 1T -VSe 2 which is seen here in our sample with largest RRR (550 • C). Instead, the low temperature resistance deviates rapidly from this behaviour with increasing disorder and approaches a T 2 dependence. Clearly, this behaviour seems to be rather sample dependent and could explain the large variation reported in the literature [5, 26, 27, 34] In summary, the electronic properties of 1T -VSe 2 and its CDW behaviour vary quite significantly with crystal growth temperature. The observed trend of T CDW and RRR in Fig. 3 are similar and therefore, the underlying mechanism influencing both of these properties is likely to be intrinsically linked. However, at low growth temperatures (550 -600 • C), it appears that the strength of CDW order (T CDW ) approaches its maximum, whereas the crystal purity (RRR) continues to increase.
IV. X-RAY SPECTROSCOPY & DISCUSSION
To obtain information about the chemical composition of our samples, we used XPS to study core levels in 1T -VSe 2 . Herein, we will mainly discuss the XPS results of the Se-3d core levels for which we find a significant variation between our samples. Instead, the vanadium core levels show no noticeable variation and iodine was either not present in our samples or its concentration was below the detectable limit. These results are included in the Supplemental Material (Ref. [32] ). We did not observe any sign of oxidation in the Se-3d spectra which otherwise would be in the form of SeO 2 present at ∼ 59.9 eV [38] (indicated by the arrow in Fig. 4(d) ). Additionally, the XAS results near the O K-edge showed a negligible amount of oxygen and all samples had identical spectra (see Ref. [32] ). Therefore, we rule out the presence of oxygen or iodine as an explanation for the observed change in CDW properties.
XPS spectra for the Se-3d core levels of different samples are shown in Fig. 4(a) . The main feature is the doublet (labelled) with Se-3d 5/2 ≈ 53.4 eV and spinorbit splitting ∆ so ≈ 0.86 eV, which corresponds to the Se 2− oxidation state of Se bound to V in 1T -VSe 2 [12] . An additional feature on the high energy side was also found in the region 55 -56 eV which is highlighted in Fig. 4(b) and shows a clear variation between samples. We find a good fit to the data using two doublets as illustrated in Fig. 4(a) for the T g = 630 • C sample. The binding energy (BE) of the second doublet relating to the additional feature is Se-3d 5/2 ≈ 54.2 eV, which we assign to the presence of more positive oxidation states of selenium. Since it appears in our data as a single broad doublet (gaussian width ∼2 larger than Se 2− ), it is likely to arise from a combination of oxidation states. We label this feature Se (−) since its binding energy is slightly lower (i.e. more negative) than pure selenium, Se 0 which is expected at ∼ 55.5 eV [38] . Such a feature could indicate the presence of partially bound or unbound Se in the form of vanadium vacancies, in-plane Se aggregates/clusters [12, 39] or Se interstitials [18] (See Fig. 1 ). From the fitting, the contributions of Se 2− and Se (−) states in each sample are given by the shaded areas, A1 and A2 respectively in Fig. 4(a) . The ratio A1/A2 gives an indication of the relative amount of Se (−) oxidation states present in our samples, and is shown in Fig. 4 (e) as a function of growth temperature. Comparing this ratio with the RRR from electronic measurements [right axis, Fig. 4(e) ], there appears to be a correlation with the overall trend which suggests that the presence of these Se (−) states contribute to the impurity/defect scattering in electronic transport.
It can also be seen in Fig. 4 (c) that there is a shift in binding energy of the Se-3d spectra between samples. We find that this shift is significant (∼ 120 meV variation), and there is an overall trend of increasing Se 2− binding energy for samples grown at higher temperatures as shown in Fig. 4(f) . We rule out any energy shift due to local charge effects from increasing concentration of the more positive Se (−) oxidation states discussed previously, since there is negligible broadening of the observed Se 2− linewidth between samples. Such a local effect would rather be expected to contribute multiple environments, leading to the inhomogeneous broadening of the observed core level in addition to a binding energy shift. Instead, the rigid shift of the entire Se-3d states is better explained by a doping effect in our samples. Specifically, an overall electron doping raises the Fermi level resulting in an apparent shift of core levels to higher binding energies with respect to our XPS energy analyzer. Therefore, we suggest that samples grown at higher temperatures are either V-rich (V 1+x Se 2 ) or Sedeficient (VSe 2−x ). The binding energy shift agrees with the evolution of T CDW [right axis in Fig. 4(f) ], and hence we suggest that the suppression of charge density wave order in 1T -VSe 2 could be related to effective electron doping.
To provide further insight into the composition of our samples and to help elucidate the nature of defects, we obtained the crystal stoichiometry from independent lab-based XPS measurements (non-monochromatic Alkα source, hν = 1486.7 eV) and lattice parameters from powder x-ray diffraction (PXRD) described in Ref. [32] . Shown in Fig. 5 are the results for the a-and c-axis lattice parameters as a function of growth temperature together with the variation of crystal stoichiometry for comparison (top-axis). Firstly, it can be seen that the stoichiometry (Se/V ratio) of our samples varies from Se/V = 1.98±0.10 to 1.94±0.10 with increasing growth tempera- ture which is consistent with the electron-doping hypothesis (either V-rich or Se-deficient). Considering these two scenarios, it is important to first examine changes in the c-axis parameter. Overall we find that it decreases with increasing growth temperature, and therefore it is unlikely that there are significant vanadium interstitials between the layers which may be expected to produce the opposite effect i.e. an increase in the c-axis by expanding the layer distance [40] . This is supported by our XPS and XAS data (Ref. [32] ) that show no additional features which could be linked to extrinsic V species. Hence, we exclude the V-rich (V 1+x Se 2 ) scenario which would otherwise manifest as V interstitials in the vdW gap [22, 25] . Instead, we consider what would be the effects of Se-deficiency on the crystal structure. A study of controlled Se loss by annealing in the related compound, 1T -TiSe 2 [41] previously showed a decrease in the c-axis related to the Ti-Se bond length, as δ increases in TiSe 2−δ and occurs continuously across the range 350 -950 • C. At the same time, a corresponding increase in the a-axis was observed. This trend of the a-and c-lattice parameters is very similar to what we find for 1T -VSe 2 in Fig. 5 . Therefore, we suggest that our results can be explained by an overall Se-deficiency (VSe 2−x ) at higher growth temperatures due to increasing Se vacancies (defect B in Fig. 1 ). The desorption of Se at elevated temperatures is in line with previous reports [18, 24] and seems to be of greater significance above 600-700 • C [42] , which is consistent with our observations. As Se becomes volatile and leaves behind a vacancy, the majority is lost from the crystal. However, a small proportion may become trapped in-plane as aggregates/clusters or between layers as interstitials (defect C and E in Fig. 1 respectively) . This may explain the additional Se (−) selenium species seen in XPS [ Fig. 4(a) ]. It could also be possible that some additional Se is incorporated into the crystals due to the Se-rich environment during the growth process. This would likely occur at higher growth temperatures considering the greater energy cost to disrupt the lattice by introducing an aggregate or interstitial compared to a vacancy. Finally, to mimic the effects of growing crystals at high temperatures, we also performed an annealing experiment to investigate the effect on the Se-3d core levels and valence band (VB). Here, we used a µXPS technique with a focussed beam spot of 100 µm in order to precisely measure the same region of the sample before and after annealing. Shown in Fig. 6 are the results which compare the pristine sample (cleaved in ultra-high vacuum, UHV), with that following heat treatment (annealing to 520 • C for ∼40 mins). Similar to Ref. [41] , we expect annealing to result in Se loss from the sample, leading to a binding energy shift as the sample becomes overall electron doped. Indeed, this effect is clearly visible in Fig. 6(a) and the inset shows that the core levels are shifted by approximately 0.5 eV. Although this is much larger than the intrinsic shift in Fig. 4(c) , the annealing experiments were performed in UHV (<1×10 −9 mbar) as opposed to the Se-rich atmosphere during crystal growth. Given the high vapor pressure of Se (0.07 atm at 520 • C), the greater loss of Se in UHV is expected. As discussed previously, the overall electron doping raises the Fermi level meaning that the core levels shift to higher binding energy. This is confirmed by analyzing the VB spectra in Fig. 6(b) where the same 0.5 eV shift is applied to the annealed sample spectrum such that the main features of the VB are overlaid. The up-shifted Fermi level position is indicated by the arrow. These results provide further evidence for the electron-doping scenario, specifically due to an overall Se-deficiency (VSe 2−x ).
In summary, there are likely to be two major types of defects in 1T -VSe 2 grown by CVT; namely Se vacancies and trapped Se aggregates or interstitials. Both will contribute to the defect scattering of carriers in electronic transport and hence decrease the RRR. However, the effective binding energy shift in XPS suggests that the dominant defect type is Se vacancies as the system becomes overall electron doped. This is further supported by the Se deficiency from measurements of the crystal stoichiometry, lattice parameters and annealing experiments. We suggest that the suppression of the CDW order is caused by a deviation from stoichiometry in the form of electron doping which reduces T CDW , similar to 1T -TiSe 2 [25] . Although the density of defects and doping level are coincidentally linked, we suggest that the CDW is mainly influenced by doping. In fact, a recent STM investigation of the local density of states in the presence of defects showed the CDW gap in 1T -VSe 2 to be extremely robust to disorder [43] . From our results, this is evidenced by the fact that the T CDW approaches a maximum as the crystal stoichiometry becomes near 2:1 ratio at the lowest growth temperature concomitant with a saturation of the binding energy shift in XPS (doping level). Instead, the crystal purity (RRR) is expected to continue to increase below T g = 550 • C without any significant gain in T CDW . We note that this is approaching the lower limit of reported growth temperatures for 1T -VSe 2 and other TMDs using the iodine CVT technique [23] . By decreasing the temperature further, we anticipate that the growth rate will become increasingly slow until the required growth time is impractical or there is insufficient energy for crystallization to occur.
V. CONCLUSION
From electronic transport measurements, we showed that both the CDW transition temperature, T CDW and the residual resistance ratio (RRR) decreases for 1T -VSe 2 crystals grown at higher temperatures. This is a result of an increased density of defects, which primarily manifests as Se vacancies as a result of Se desorption from the final crystal products at elevated temperature. Therefore, we suggest 1T -VSe 2 becomes overall Se deficient which is confirmed by stoichiometry analysis and changes in the unit cell parameters from x-ray diffraction. This deficiency leads to an effective electron doping and a resulting up-shift in the Fermi level, which is evidenced by a rigid shift of Se-3d core levels to higher binding energy in XPS measurements. Although the crystal purity is reduced at higher growth temperatures (lower RRR) due to a larger density of defects, we suggest that the effective electron doping due to overall Se-deficiency is mostly responsible for the reduction in T CDW . For samples with T g < 630 • C, we see an increase in the CDW transition temperature above the typically reported value of T CDW ≈110 K. Based on this knowledge, we were able to optimize the chemical vapour transport method in order to produce ultra-high purity 1T -VSe 2 samples with near ideal stoichiometry at T g = 550 • C with T CDW = (112.7 ± 0.8) K and maximum RRR ≈ 49.
Our work highlights the importance of carefully controlling the growth conditions of strongly correlated TMDs whose properties are sensitive to defects and deviation from stoichiometry. In addition, the growth of high purity TMD materials is imperative for understanding both the bulk behaviour of these compounds and to provide a suitable source for exfoliation of monolayers and the preparation of van der Waals heterostructures. 1 Supplemental material for: "Correlation between crystal purity and the charge density wave in 1T -VSe 2 "
Presented in Table. S1 is a summary of the electronic and physical properties of the sample batches grown at different temperatures. Determination of the electronic properties including RRR and transition temperature, T CDW is discussed in the main text and in supplementary section II. In order to determine the overall composition of our samples, additional XPS measurements were performed at the Bristol NanoESCA Facility. An unpolarized, non-monochromatic Al-kα (hν = 1486.7 eV) source was used together with an ARGUS analyser at 45 • with respect to the normal of the sample, and the pass energy was 50 eV. The stoichiometry was calculated using the entire area of Se-3d and V-2p photoemission lines, applying a Shirley background subtraction and normalizing the spectra by considering the specific sensitivity factor and inelastic meanfree path. The Se/V ratio of different samples and the composition of VSe x is shown in Table. S1. We believe that the stoichiometry of the 630 • C sample is an anomalous result if we compare to trends of the electronic transport and synchrotron XPS in the main text. The crystal available for these measurements was particularly small and it is possible that, despite our best efforts, the surface was only partially cleaved and/or the results are skewed by the overall reduced photoelectron intensity from the smaller sample.
To determine the crystal lattice constants, powder x-ray diffraction (PXRD) measurements were carried out on a STOE STADI P instrument using Ge-monochromated Cu-Kα1 radiation (λ = 1.54060Å) operating in transmission mode. The scan range was (20-93) • in 2θ. Two Dectris 1K Mythen detectors were used to record data.
The 1T -VSe 2 crystals were plate-like and even after grinding into a powder, they showed preferred orientation. For peak indexing and refinement of the unit cell, the Werner [1] or Louër [2] algorithms implemented in WINXPOW [3] were used. All samples were successfully indexed to the trigonal (P3m1) unit cell expected for 1T -VSe 2 [4] . The resulting lattice parameters are given in Table. S1
II. DETERMINING THE CDW TRANSITION TEMPERATURE
As discussed in the main text, the first derivative of resistance, dR/dT highlights the CDW transition in 1T -VSe 2 . We define T CDW as the minimum before the inflexion point where the resistance, R begins to increase near ∼110 K as indicated by the arrow in Fig. S1(a) . This corresponds to the point at which dR/dT initially crosses zero, which is T CDW = (111.2 ± 0.6) K for the 615 • C example. The error has been obtained by evaluating the uncertainty in the dR/dT = 0 crossing based on a linear fit to the steep decline before T CDW . The same methods were used to define T CDW for all samples in the main text.
Here, we also highlight the two vertical solid lines corresponding to the zero crossing points of dR/dT . These points also coincide with the minimum and maximum of the increase in resistance as a result of the CDW transition. In this region, dR/dT becomes negative, and its magnitude below zero therefore provides an indication of the insulating state (resistance increase) that develops near T CDW which is related to the proportion of carriers removed from the Fermi surface at the CDW transition. Determining the CDW transition temperature from resistance measurements. TCDW is the minimum before the inflexion point where the resistance (left axis) starts to increase near ∼110 K, which also corresponds to point at which dR/dT (right axis) crosses zero.
III. TEMPERATURE DEPENDENCE OF THE RESISTANCE
By fitting the low temperature resistance data (5 -15 K) with a power law it is possible to extract information on the dominant scattering mechanism of electrons. Shown in Fig. S2 (a) -(e) is the normalized resistance < 50 K for all samples plotted using the same scale. The increasing residual resistance discussed in the main text is obvious here at higher growth temperatures. The insets shows the data (< 15 K) with a power law fit. Fig. S2(f) shows the result of the fitting for x in R ∝ T x as a function of growth temperature. The sample grown at 700 • C (lowest purity, avg. RRR ≈ 11.5) shows a T 2 dependence indicating an electron-electron dominated carrier scattering, which has been noted before in this compound [5] . For samples grown at lower temperatures, x progressively increases until it reaches a T 3 dependence for the 550 • C sample (highest purity, avg. RRR ≈ 46.5) with near ideal stoichiometry (VSe 1.98 ). A T 3 dependence has been linked to electron-phonon dominated scattering in other TMDs [6] . Interestingly, this evolution seems similar to the trend found for T CDW and RRR in the main text which was linked to the doping level introduced by defects. 
IV. X-RAY SPECTROSCOPY OF VANADIUM CORE LEVELS
In addition to the Se-3d spectra presented in the main text, we obtained additional measurements of the V-2p core levels for 3 samples with a range of growth temperatures over which the electronic properties are changing significantly T g = (600 -630) • C. Shown in Fig. S3(a) is the raw V-2p XPS spectra. We find the doublet consisting of V-2p 1/2 and V-2p 3/2 at 519.1 eV and 511.3 eV respectively (∆ so = 7.8 eV). Additionally, there is a small oxygen (O-1s) feature at ∼530.7 eV which we believe is not intrinsic to the crystals (see later discussion of XAS data). Our results are qualitatively similar to previous studies of V-2p levels in 1T -VSe 2 [7] [8] [9] [10] , although there seems to be large variation in the literature. Overall, we find our results are in closest agreement with Ref. [7] if we consider the position of O-1s in that data (531.3 eV) as a reference.
There is no significant variation of the V-2p spectra between our samples as we find the binding energies and lineshape of all features to be nearly identical. This is particularly evident in Fig. S3(b) in which we show the normalized data for the samples with the most contrasting CDW properties (T g = 630 and 600 • C). In addition, we did not observe any features would could be linked to extrinsic vanadium species which has previously been ascribed to interstitials in the van der Waals gap occurring at higher growth temperatures [11] . Therefore, we conclude that there are no significant variations in the vanadium (V-2p) states that can explain the observed difference in CDW properties between our samples. To further examine the vanadium states, we also performed X-ray absorption spectroscopy (XAS) measurements of the V L-edge using the total electron yield (TEY) method of monitoring the drain current on the sample as a function of the incident photon energy. The results are shown in Fig. S4 . The main two features at 516.6 eV and 523.6 eV are related to excitations of the V-2p 3/2 (L 3 -edge) and V-2p 1/2 (L 2 -edge) core levels into unoccupied V-3d states respectively [12] .
The XAS spectra for all samples are nearly indistinguishable, both near the V L-edge and O K-edge regions. By examining the O K-edge in these spectra, we suggest that the amount of oxygen throughout our samples is negligible. Instead, the O-1s detected by XPS (Fig. S3 ) was likely only present on the surface or in the local environment such as the measurement chamber or sample holder, and not intrinsic to the crystals. Therefore, we rule out the presence of oxygen as a possible explanation for the observed difference in CDW properties of our samples.
V. X-RAY SPECTROSCOPY OF IODINE CORE LEVELS
Since iodine is used as the transport agent in the CVT growth process, we looked in the spectral region where we woudl expect I-3d core levels to see if iodine had inadvertently been incorporated into our samples. This effect has been documented in the related compound, 1T -TiSe 2 in which approx. 0.3 at.% iodine was found regardless of the growth temperature [13] in the range T g = (600 -900) • C. In that study, it was found that samples grown using iodine had a slightly reduced CDW transition compared to those grown by direct sublimation in excess Se i.e. without iodine.
Presented in Fig. S5 is the raw XPS data in the spectral region where we expect I-3d core levels. A doublet is expected consisting of I-3d 5/2 and I-3d 3/2 at 619.3 and 630.8 eV respectively [vertical dashed lines in Fig. S5 ]. Based on our data, it is possible to speculate that there is a weak feature in the region (620 -635) eV but its magnitude is comparable to the noise. At hν = 730 eV photon energy, the photoionization cross-section of I-3d should be ∼ 2.7 Mbarn, which is more than double the cross-section of V-2p (at hν = 630 eV) which was clearly detectable above the noise in our measurements (see Fig. S3 ). Therefore, we suggest that iodine is either not present in our samples or it is below the detectable limit.
Moreover, it can be seen that the samples with most contrasting electronic properties (T g = 630 and 600 • C) have nearly identical spectra. Therefore, we can say that if there is iodine present in the crystals, either the concentration does not change significantly with growth temperature and/or it has little effect on the observed CDW properties. 
